Objective: Arising from common progenitors in the bone marrow, adipogenesis and osteogenesis are closely associated yet mutually exclusive during bone marrow mesenchymal stem cell (BMSC) development. Previous studies have shown that morphological changes can affect the early commitment of pluripotent BMSCs to the adipose versus osteoblastic lineage via modulation of RhoA activity. The RhoA pathway regulates actin polymerization to promote the incorporation of globular actin (G-actin) into filamentous actin (F-actin). In doing so, myocardin-related transcription factors (MRTFs) dissociate from bound G-actin and enter the nucleus to co-activate serum response factor (SRF) target gene expression. In this study, we investigated whether MRTFA/SRF is acting downstream of the RhoA pathway to regulate BMSC commitment in mice. Methods: The effects of knocking out MRTFA on skeletal homeostasis was studied in MRTFA KO mice using micro-CT, QPCR and western blot assays. To determine how MRTFA affects the mechanisms regulating BMSC fate decisions, primary bone marrow stromal cells from WT and MRTFA KO mice as well as C3H10T1/2 cell lines were analyzed in vitro. Results: Global MRTFA KO mice have lower whole body weight, shorter femoral and tibial lengths as well as significantly decreased bone mass in their femurs. BMSCs isolated from the KO mice show increased adipogenesis and reduced osteogenesis when compared to WT littermates. KO mice, particularly females, develop osteopenia with age, and this was enhanced by a high fat diet. Over-expression of MRTFA or SRF enhances osteogenesis in CH310T1/2 cell lines. Sca1 þ , CD45 À cells from KO marrow express lower amounts of smooth muscle actin (SMA) and TAZ/YAP target genes compared to WT counterparts. Conclusion: This study identified MRTFA as a novel regulator of skeletal homeostasis by regulating the balance between adipogenic and osteogenic differentiation of BMSCs. We propose that MRTFA promotes the osteogenic activity of TAZ/YAP by maintaining SMA production in BMSCs.
INTRODUCTION
Adipogenesis and osteogenesis are mutually exclusive processes during mesenchymal stem cell (MSC) differentiation and appropriate balance between them is essential for maintaining homeostasis in bone marrow [1e4] . Once the precisely regulated balance is disturbed, various metabolic-related diseases develop. For example, in patients with post-menopausal osteoporosis, a significant increase of adipose tissue was observed in the bone marrow and this was accompanied by loss of bone mass [5] . Secondary osteoporosis is frequently observed in type II diabetic patients treated with Avandia, a member of the thiazolidinedione (TZD) family of insulin sensitizers and PPAR gamma agonists, resulting in an increase of adipocytes in the bone marrow in both males and females [6, 7] . These phenotypes might be caused by strictly regulate the commitment of MSCs to each of these lineages. During the differentiation of MSCs, cell morphology changes significantly in order to serve the specialized functions of the terminally differentiated cells in different tissues. Adipocytes are round, which maximizes the cell volume for energy storage, while osteoblasts are well spread and flat for bone remodeling and mineral deposition. While differentiation of MSCs to a specific cell type dictates its morphology, it is also the situation that morphology regulates the fate of MSCs [12] . Human bone marrow stem cells (hBMSCs) have been shown to preferentially differentiate into adipocytes versus osteoblasts when attached to smaller fibronectin islands segregated by non-adhesive materials when given both adipogenic and osteogenic differentiation factors. In contrast, the hBMSCs on larger fibronectin islands allowing for extensive cell spreading differentiate into osteoblasts [13] . This switch of lineage commitment is regulated by RhoA activity through the RhoA kinase (ROCK) pathway. In fact, over-expression of RhoA in hBMSCs enhanced osteogenesis while over-expression of dominantnegative RhoA reversed this phenotype [13] . Rho GTPases regulate cell migration, adhesion, spreading and polarization [14] . When activated, Rho GTPase promotes incorporation of Gactin (globular actin) into F-actin (filamentous actin) filaments mainly through ROCK and formins. When cytoplasmic G-actin levels decrease, myocardin-related transcription factors (MRTFs) are released from their association with G-actin allowing for their translocation into the nucleus where they co-activate serum response factor (SRF) thereby strongly inducing expression of SRF target genes [15, 16] . These genes include actins such as smooth muscle actin (SMA) as well as several actin-binding proteins, which can affect actin dynamics, cell morphology, growth and differentiation [16] . The MRTF family of transcription factors including myocardin, MRTFA, and MRTFB plays essential roles in development of different tissues but particularly the cardiovascular system [17, 18] . Recent studies have identified MRTFA as a negative regulator of adipogenesis through its ability to affect actin dynamics [19, 20] . Additionally, we showed that MRTFA is also a regulator of beige fat formation and that MRTFA À/À mice are protected from diet induced obesity and insulin resistance [20] . In the present study, we used MRTFA deficient (MRTFA À/À ) mice to demonstrate that the actin-MRTFA/SRF circuit plays an essential role in controlling BMSC fate decisions and skeletal homeostasis.
RESULTS
2.1. MRTFA KO mice exhibit lower body weight, shorter femurs and tibiae, and have significantly lower bone mass Six-week-old MRTFA KO mice are shorter and weigh less than WT littermates ( Figure 1A and B and Supplementary Figure 1 ). This observation suggested that there might be a defect in skeletal development. To investigate a possible role of MRTFA in bone formation, lengths of the femurs and tibiae were measured with calipers. The KO mice have significantly shorter femurs and tibiae ( Figure 1C ,D, E and Supplementary Figure 1 ) when compared to WT controls. Microcomputed tomography (mCT) was performed on femurs of 24-weekold female mice (n ¼ 7 in each group) to assess bone growth and development. mCT of the mid-diaphyseal region of femurs showed that cortical thickness of femurs from MRTFA KO mice is significantly thinner than WT controls ( Figure 1F ,G); however, cortical bone volume fraction (BV/TV) did not differ significantly (Table 1) . mCT of the trabecular regions of proximal femurs showed a marked reduction in trabecular bone mass in the MRTFA KO mice as compared to controls ( Figure 1F ). Trabecular bone volume fraction is about 50% lower in KO mice ( Figure 1H ). Bone volume of the trabecular region is also significantly reduced, although the total tissue volume did not appear to differ (Table 1) . Furthermore, average trabecular number ( Figure 1I ) and trabecular bone connectivity density ( Figure 1L ) are both lower in MRTFA deficient mice, and trabecular spacing ( Figure 1J ) is larger. There was no significant difference in trabecular thickness ( Figure 1K ), which is likely due to high bone turnover rate in rodents. Taken together, these changes in bone microstructural parameters suggest an osteopenic phenotype in female MRTFA KO mice (Table 1) Figure 2A ). The western blot displayed in Figure 2B demonstrates a dramatic reduction in osteopontin protein expression in KO femurs. To analyze deposition of collagens, the trabecular region of proximal femurs were sectioned and stained with picrosirius red and visualized under normal and polarized light (red color represents thick fibers whereas green/yellow color represents thinner fibers). MRTFA-KO femurs have lower amounts of type I and III collagens within thinner fibers compared to WT femurs ( Figure 2C) . Procollagen intact N-terminal peptide (PINP) is a cleaved by-product produced during type I collagen synthesis, and it is positively correlated with osteoblast activity. Circulating levels of PINP are significantly lower in MRTFA KO mice ( Figure 2D ). As a systemic osteogenic marker, it indicates that osteoblast activity in other types of bone such as vertebrae and tibiae might also be compromised in KO mice. C-terminal telopeptide (CTX-1) is a by-product of enzymatic cleavage of type 1 collagen and serves as a marker for bone breakdown. There is no significant difference in CTX-1 levels between WT and MRTFA KO mice ( Figure 2E ), which suggests the osteopenic phenotype in MRTFA KO mice is not due to excessive bone resorption by osteoclasts. Osteocalcin is an osteoblastsecreted protein that can act on adipose tissue and pancreas to enhance insulin action [21] . The serum levels of osteocalcin are trending lower in MRTFA KO mice ( Figure 2F ). Taken together these three parameters show that the observed osteopenia is likely due to a decrease in osteoblasts activity.
2.3. MRTFA deficiency potentiated bone loss in younger mice on a high fat diet In contrast to the osteopenic phenotype observed in 24-week-old female MRTFA KO mice (Figure 1 ), the bone phenotypes of younger, 12-week-old KO and WT male mice fed a low fat diet for 6 weeks was indistinguishable ( Figure 3A ,B). These data suggest that osteopenia due to MRTFA deficiency manifests itself with age. Recent studies have demonstrated that a high fat diet (HFD) can adversely affect bone health [22, 23] . We questioned, therefore, whether a HFD could affect the rate at which osteopenia develops in MRTFA KO mice. The data in Figure 3BeD shows that cortical thickness, bone volume fraction, and connectivity density are significantly lower in femurs of MRTFA KO male mice on a HFD but not if they were fed a low fat diet (LFD). There is no change in bone health parameters in WT mice whether they were fed a LFD or HFD ( Figure 3 ). This observation is consistent with recent studies by Rosen and collaborators showing that a HFD has no effect on bone mass in normal male C57BL/6 mice [24] . Together, these results demonstrate that MRTFA KO mice develop an osteopenic phenotype at a younger age when challenged with an obesogenic diet (Supplementary Table 1 ).
MRTFA deficiency reduces osteogenesis but enhances adipogenesis in bone marrow stromal cells
To determine whether the defect in bone development in MRTFA KO mice occurs in a cell autonomous manner, primary stromal cells isolated from the bone marrow of WT and KO mice were compared for their osteogenic potential in culture. MRTFA KO stromal cells showed compromised osteogenic differentiation with decreased bone nodule formation, as marked by the arrow in WT cells ( Figure 4A ), and less mineral deposition (stained with Alizarin Red S) ( Figure 4B ). The decreased expression of osteogenic genes in MRTFA KO cells further validated these observations ( Figure 4C ). On the other hand, the MRTFA-KO stromal cells produced more lipid-laden adipocytes when treated with adipogenic cocktail for 10 days ( Figure 4D ). The adiponectin protein expression and relative mRNA expression of adipogenic genes, including Pparg, Cebpa, AdipoQ (adiponectin), and Fabp4 was also higher in MRTFA KO differentiated adipocytes ( Figure 4E ,F). MRTFA transcripts are detected in the KO mice, but this is due to aberrant splicing of the mutant MRTFA gene generating an in frame fusion transcript. The fusion protein resulting from the transcript is non-functional since it lacks the SRF binding region [25] . In summary, these results suggest that the differentiation of stromal cells is shifted to adipogenesis at the expense of osteogenesis when MRTFA is deleted.
2.5. Treatment of WT bone marrow stromal cells with the MRTFA/ SRF inhibitor CCG1423 mimics the effects of knocking out MRTFA To understand the importance of MRTFA/SRF in regulating the fate of bone marrow stromal cells, we treated WT cells with CCG1423, a Rho/ SRF pathway inhibitor [26, 27] . Exposure of cells to CCG1423 during the 21-day period of osteogenesis reduced bone nodule formation compared to formation of multiple nodules (marked by arrow) in control cells ( Figure 5A ) and reduced the expression of Alpl, osteocalcin (Bgal), and osteonectin (Spock), mRNAs ( Figure 5B ). These data suggest that MRTFA/SRF activity facilitates osteogenesis. In the case of adipogenesis, stromal cells treated with CCG1423 for 2 days prior to adipogenic induction accumulated more lipid ( Figure 5C ) and expressed higher levels of the adipogenic genes Pparg, Cepba, Plin, and Fabp4 than untreated cells ( Figure 5D ). These data are consistent with earlier studies [20] showing that suppression of MRTFA/SRF activity commits mesenchymal progenitors to the adipogenic lineage, and the resulting preadipocytes are more responsive to the adipogenic inducers than uncommitted cells. Figure 6A ). They also had reduced expression of SRF target genes including Sma and Ctgf ( Figure 6A ). Studies by others have identified TAZ as a principal regulator of cell fate driving osteogenesis versus adipogenesis in MSCs [28] . TAZ transcriptional activity, like MRTFA, is regulated by the morphology of cells and the SMA cytoskeleton [29, 30] . Therefore, we questioned whether MRTFA is a determinant of TAZ/YAP target gene expression. Figure 6 shows significantly lower expression of TAZ target genes in MRTFA KO cells than WT cells ( Figure 6A ). Similarly, in C3H10T1/2 cell lines over-expressing MRTFA, TAZ/YAP target genes Ctgf, Cyr61, and Ankrd1 are expressed at higher levels compared to the controls when cells are sub-confluent ( Figure 6B ). Interestingly, MRTFA is incapable of inducing TAZ/YAP targets when cells reach confluence ( Figure 6B ). Additionally, MRTFA facilitates extensive spreading of 10T1/2 cells on soft surfaces consistent with it driving a morphology that favors osteogenesis (Supplementary Figure 3) . Immunofluorescence staining for F-actin with phalloidin (green) or an antibody against SMA (red) in Sca1 þ :CD45 À cells showed a significant decrease in SMA levels in the MRTFA KO cells, with only a minor decrease in Factin staining ( Figure 6C ). These data show that MRTFA regulates SMA expression and TAZ transcriptional activity in Sca1 þ :CD45 À cells.
DISCUSSION
Osteoporosis is manifested by excessive loss of bone mass and increased tendency for pathological fractures. Previous studies showed osteoporotic bones often have increased bone marrow adiposity in the trabecular region [5, 31, 32] . Since adipocytes and osteoblasts originate from common progenitors, disruption of fate commitment between these two lineages can lead to decreased osteogenesis, enhanced adipogenesis, and, subsequently, osteoporosis [32] . It is very important to understand the underlying mechanisms regulating MSC commitment for development of therapeutic strategies. In this study, we demonstrate that MRTFA KO mice exhibit a significant osteopenic phenotype with decreased bone mass in trabecular femurs and thinning of cortical femurs. This reduction in bone size and mass likely contributes to lower body weight of MRTFA KO mice, but we have additionally shown that these mice also have a reduced amount of adipose tissue [20] . The data in Figure 2 suggest that the bone defects observed in KO mice result from impairment of osteoblast development and function, with limited contribution from osteoclasts and bone resorption. It is possible that a decrease in chondrogenesis, as suggested by the lower levels of Runx2 expression, could also be contributing to the defects in longitudinal growth of the limbs in KO mice [33] . To identify possible mechanisms responsible for the osteopenic phenotype, we studied the differentiation of primary bone marrow stromal cells in culture. Genetic deletion of MRTFA enhanced the adipogenic potential of these cells at the expense of osteogenesis. These data help to rule out the possibility that the osteopenia is caused by systemic changes in hormones that regulate bone growth and regeneration such as IGF1. This is particularly relevant since Chen et al., 2012, recently demonstrated that SRF regulates bone formation via IGF-1 and Runx2 signaling [34] . It is important to mention, however, that the changes in circulating hormones, which occur in the absence of MRTFA, are in a direction favoring bone growth. Specifically, leptin has recently been shown to inhibit osteogenesis and promote adipogenesis [35] , and we showed leptin is lower in MRTFA KO mice [20] . In the case of adiponectin and insulin, they are reported to be proosteogenic [36, 37] , and their levels are higher in KO mice compared to WT littermates [20] . To provide even greater support for an autonomous process regulating the bone phenotype, we isolated by MACS Sca1 þ :CD45 À progenitors from the bone marrow of WT and KO mice and analyzed their expression of select genes. The data show that MRTFA is required for optimum expression of SMA and select TAZ/YAP target genes in the progenitors. TAZ has previously been shown to drive MSC commitment toward the osteogenic lineage [28] . Hinz and colleagues have recently suggested that SMA-mediated contraction plays a critical role in mechanically regulating MSC fate by controlling TAZ/YAP activation [30] . Taken together, the data above support an autonomous role for MRTFA in regulating the fate of BMSCs by ensuring the formation of a SMAcytoskeleton to support TAZ/YAP activity ( Figure 6D ). We acknowledge however that some identified mechanism could also be contributing to the phenotype of the MRTFA À/À mice, particularly since the deficiency has such a major effect on overall metabolic homeostasis. HFD appears to exacerbate the osteopenia caused by the absence of MRTFA. Possible reasons for this include activation of PPARg activity in the pro-adipogenic BMSCs due to the elevated circulating levels of lipids that may provide ligands for this nuclear receptor. It is well documented that individuals taking Avandia, a synthetic PPARg ligand for their insulin resistance or diabetes often develop osteoporosis [6, 7] . Other possibilities are that HFD alters the composition of the stromal vascular compartment (SVC) in which BMSCs reside due to deposition of marrow fat that accompanies whole body obesity [24, 38] . It is important to mention, however, that our earlier studies have shown that the KO mice are protected, to some extent, from obesity and insulin resistance [20] . Consequently, the HFD might have more drastic effects on bone health if MRTFA deficiency is localized to bone progenitors. A remodeling of the marrow SVC could alter the fate of the BMSCs by affecting how they respond to various osteogenic factors. Bone morphogenetic proteins (BMPs), for instance, are members of the TGFb superfamily and play a major role in skeletal development and bone formation [39, 40] . BMP signaling also regulates adipocyte formation in vivo as well as in vitro [41e43]. The fact that adipogenesis and osteogenesis are mutually exclusive raises an interesting question of how BMPs can induce both processes. We have shown that under adipogenic conditions BMPs suppress the ROCK-MRTFA pathway [20] . In other situations it activates the pathway [44] , this will likely be the case for osteogenesis. We propose, therefore, that the bone marrow SVC can influence the fate of MSCs by specifying whether BMPs suppress or activate MRTFA/SRF transcriptional activity. 
CONCLUSION
This study identifies MRTFA as a novel regulator of skeletal homeostasis by controlling the balance between adipogenic and osteogenic differentiation in bone marrow stem cells, and thus holds promise as a potential target for therapeutic intervention for osteoporosis.
EXPERIMENTAL PROCEDURES

Animals
All animal experiments were conducted following Boston University Laboratory Animal Science Center experimental protocols approved by Institutional Animal Care and Use Committee. MRTFA þ/À and wild type mice (mixed C57BL/6J 129 genetic background) were originally created by Dr. Eric Olson, UT Southwestern Medical Center [25] and were given to us as a kind gift. MRTFA global KO mice are viable and fertile except for mammary gland developmental defects in female mice [25] . Age-, strain-and sex-matched WT and MRTFA KO mice were used in all experiments. Male mice were between 15 and 17 weeks old, and female mice were between 23 and 24 weeks for the Micro-CT studies. For diet studies, 4e6 weeks-old male WT and MRTFA KO mice were fed a diet with 10% kcal% fat (low fat diet, Research Diets Inc, D12450B) or diet with 60% kcal% fat (high fat diet, Research Diets Inc, D12492) for 6 weeks. 
Western blot analysis
Total cellular protein was extracted from primary bone marrow stromal cells or C3H10T1/2 cells and subjected to western blot analysis as previously described [47] . Total protein was also extracted from mice femur as previously described [48] . Antibodies against the following proteins were obtained from indicated vendors: MRTFA, Osteopontin, C/EBPa (Santa Cruz, CA), adiponectin (Pierce, Rockford, IL) and cyclophilin A (Cyc A) (Millipore, Billerica, MA).
5.5. Primary bone marrow stem cells isolation, sorting and immunofluorescence Primary bone marrow stromal cells were used as an ex-vivo model to further study the role of MRTFA in the differentiation potential of these cells to adipose versus osteoblastic lineage. WT and MRTFA KO mice were euthanized and their femur and tibia bone marrow cavity contents were flushed out with a-MEM growth media containing 10%
FBS. Cells were re-suspended, counted, and then plated without being disturbed until day 4 of culture when half of the media was replaced. On day 6 of culture, the cells reached confluence and were treated with adipogenic or osteogenic induction media. The sorting of the bone marrow stromal cells was conducted with MACS magnetic microbeads sorting kit (Scal1 and CD45) (purchased from Miltenyi Biotec). All the sorting experiments were conducted according to manufacturer's instructions. The sorted cells were plated on plastic surface for 4e6 days and then stained with SMA antibody overnight and counter stained with DAPI and phalloidin during secondary antibody incubation.
5.6. Specimen harvesting MRTFA-KO and WT femurs were snap-frozen in liquid nitrogen at the time of collection and then pulverized in liquid nitrogen using a mortar and pestle in either 600 ul RNA extraction RLT buffer (RNeasy Mini Kit) or 600 ul RIPA buffer [48] . The samples were then homogenized and lysates were centrifuged. Supernatant was collected from these centrifuged samples for RNA extraction or protein extraction for RT-PCR or Western Blot analysis, respectively.
Histology
Mice femurs and tibiae were fixed in 4% formaldehyde for 1e5 days depending on the age of the mice and then decalcified in 14% w/v EDTA dissolved in water for 5 days. These samples were then sent to Boston University's Experimental Pathology Laboratory Services Core for embedding in paraffin and sectioning. Sections of the femurs and tibiae were then stained with Picrosirius Red (Polyscientifics Inc.) according to manufacturer's instructions to visualize Type I and III collagen.
Quantitative micro computated tomography (Micro-CT)
Mice femurs were fixed in 4% formaldehyde for 1e5 days and then stored in PBS at 4 C. Scans were performed using a Scanco micro-CT 40 system (Scanco Medical, Basserdorf, Switzerland) located in Orthopedic and Developmental Biomechanics Laboratory at Boston University. These scans were performed using 12 micron voxel size resolution with 200 ms integration time, under conditions of 55 E (KVp) and 145 I (mA). Transverse images scanned by the micro-CT were then traced manually with a computer program and stacked to render a 3-D image of the cortical and trabecular regions of the femurs extracted from WT and MRTFA-KO mice. The mid-diaphyseal region scanned was in the femur mid-point, whereas the trabecular region scanned was right above the growth plate for each femur. The lengths (number of mCT slices) of cortical and trabecular bone scanned are proportional to the lengths of the bone to ensure the same regions are compared in WT and MRTFA KO mice. Image analysis was conducted as previously described [49] .
5.9. Quantitative RT-PCR Total RNA was isolated from cells or tissues using TRIzol reagent (Life Technologies), following manufacturers' protocol. Total RNA was isolated from mice femurs with RNA extraction buffer RLT buffer (RNeasy Mini Kit) according to manufacturer's instruction. Reverse Transcriptase (RT) reactions were performed using 1 mg RNA and a highcapacity cDNA RT Kit (Applied Biosystems) according to the manufacturer's instructions. Analysis of gene expression was performed using Maxima SYBR Green qPCR Master Mix (Fermentas Life Sciences) in the ABI Prism 7300 sequence detector as previously described [50] .
Primer sequences used will be provided on request. J.Z.L. revised the manuscript and provided tissues and serum for Figure 2 and Figure 6 . C.L. assisted with the transgenic mice genotyping and colony management.
